NMDA receptors (NMDARs) are critical mediators of activity-dependent synaptic plasticity, but the differential roles of NR2A-versus NR2B-containing NMDARs have been controversial. Here, we investigate the roles of NR2A and NR2B in long-term potentiation (LTP) in organotypic hippocampal slice cultures using RNA interference (RNAi) and overexpression, to complement pharmacological approaches. In young slices, when NR2B is the predominant subunit expressed, LTP is blocked by the NR2B-selective antagonist Ro25-6981 [R-(R,S)-␣-(4-hydroxyphenyl)-␤-methyl-4-(phenylmethyl)-1-piperidine propranol]. As slices mature and NR2A expression rises, activation of NR2B receptors became no longer necessary for LTP induction. LTP was blocked, however, by RNAi knockdown of NR2B, and this was rescued by coexpression of an RNAi-resistant NR2B (NR2B*) cDNA. Interestingly, a chimeric NR2B subunit in which the C-terminal cytoplasmic tail was replaced by that of NR2A failed to rescue LTP, whereas the reverse chimera, NR2A channel with NR2B tail, was able to restore LTP. Thus, expression of NR2B with its intact cytoplasmic tail is required for LTP induction, at an age when channel activity of NR2B-NMDARs is not required for LTP. Overexpression of wild-type NR2A failed to rescue LTP in neurons transfected with the NR2B-RNAi construct, despite restoring NMDA-EPSC amplitude to a similar level as NR2B*. Surprisingly, an NR2A construct lacking its entire C-terminal cytoplasmic tail regained its ability to restore LTP. Together, these data suggest that the NR2B subunit plays a critical role for LTP, presumably by recruiting relevant molecules important for LTP via its cytoplasmic tail. In contrast, NR2A is not essential for LTP, and its cytoplasmic tail seems to carry inhibitory factors for LTP.
Introduction
Long-term potentiation (LTP) is an activity-dependent form of synaptic plasticity proposed to underlie learning and memory in the brain. As best characterized at CA3-CA1 synapses of the hippocampus, conventional LTP requires calcium influx through NMDA receptors (NMDARs) (Malenka and Bear, 2004) . NMDARs are tetramers composed of two NR1 subunits plus two NR2 subunits, of which there are four kinds encoded by distinct genes: NR2A, NR2B, NR2C, and NR2D (Cull-Candy et al., 2001) . In CA1 pyramidal cells, NMDARs contain mainly NR2A and/or NR2B subunits in addition to NR1.
In addition to antagonists that block all NMDARs (e.g., APV), there are widely used antagonists (e.g., ifenprodil, Ro25-
[R-( R, S)-␣-(4-hydroxyphenyl)-␤-methyl-4-(phenylmethyl)-1-
piperidine propranol]) that are selective against receptors composed of NR1 and NR2B subunits (NR2B-NMDARs) (Williams, 1993; Fischer et al., 1997) . Recently, an antagonist, NVP-AAM077 ([(R)-[(S)-1-(4-bromo-phenyl)-ethylamino]-(2,3-dioxo-1,2,3,4-tetrahydro-quinoxalin-5-yl)-methyl]phosphonic acid), with preference for receptors composed of NR1 and NR2A subunits (NR2A-NMDARs) (Auberson et al., 2002; Liu et al., 2004; Chen et al., 2007) has been used to probe the specific roles of NR2A-NMDAR and NR2B-NMDAR in LTP and long-term depression (LTD). Some studies in hippocampus and perirhinal cortex showed that ifenprodil and Ro25-6981 block LTD but not LTP (Liu et al., 2004; Massey et al., 2004; Fox et al., 2006; Izumi et al., 2006; Chen et al., 2007) , whereas NVP-AAM077 blocks LTP but not LTD (Liu et al., 2004; Massey et al., 2004) . These simple pharmacological findings suggested that activation of NR2A-NMDARs is specifically important for LTP induction, whereas NR2B-NMDARs are specifically involved in LTD induction.
However, controversy has surrounded these results. Other groups have found that LTP can be blocked or partially blocked by NR2B antagonists in cultured hippocampal slices (Barria and Malinow, 2005) , acute hippocampal slices (Bartlett et al., 2007; de Marchena et al., 2008) , or slices from cingulate cortex (Zhao et al., 2005) . Furthermore, the relative specificity of NVP-AAM077 has come into question. Although NVP-AAM077 is reported to have a 100-fold preference for human NR2A-NMDARs over NR2B-NMDARs (Auberson et al., 2002; Liu et al., 2004) , its selectivity drops to 10-fold for rodent NR2A-NMDARs (Neyton and Paoletti, 2006) . At 400 nM (the concentration at which it has sometimes been used), NVP-AAM077 also significantly inhibits NR2B-NMDARs (Berberich et al., 2005; Weitlauf et al., 2005 ).
Here we compare molecular-genetic and pharmacological approaches in the same preparation (organotypic hippocampal slice culture) to elucidate the roles of NR2A and NR2B in LTP. Using NMDAR antagonists, we find that the NR2B dependence of LTP disappears in older slices. At this age, however, RNA interference (RNAi) suppression of NR2B still blocks LTP. This can be rescued by overexpression of RNAi-resistant NR2B but not by NR2A nor a chimeric NR2B subunit that contains the cytoplasmic tail of NR2A. Thus, for LTP induction, the physical presence of NR2B and its cytoplasmic tail are more important than the activation of NR2B-NMDARs, suggesting an essential function of NR2B as a mediator of protein interactions independent of its channel contribution. In contrast, the presence of NR2A is not essential for LTP, and, in fact, the cytoplasmic tail of NR2A seems to inhibit the induction of LTP.
Materials and Methods
Antibodies. Antibodies used include NR2A and NR2B (gifts from A. Dunah, MassGeneral Institute for Neurodegenerative Disease, Massachusetts General Hospital and Harvard Medical School, Charlestown, MA) (described previously by Sheng et al., 1994) , MAP2 (HM-2; Sigma), and NR1 (54.1; BD Pharmingen).
DNA constructs. RNAi plasmids targeting NR2A or NR2B were constructed in pSuper vector and were described previously . RNAi resistant NR2B (NR2B*) was generated by mutating the NR2B RNAi target at eight different nucleotides without changing the amino acid sequence. NR2B with an NR2A C-terminal tail (NR2B*-2Atail) consists of amino acids 1-861 of NR2B* and amino acids 861-1464 of NR2A. NR2A with the C terminus deleted (NR2A⌬C) consists of amino acids 1-858 of NR2A. NR2B with the C terminus deleted (NR2B*⌬C) consists of amino acids 1-861 of NR2B*. Constructs were generated by PCR. NR2A S1462A was a gift from R. Wenthold (Laboratory of Neurochemistry, National Institute on Deafness and Other Communication Disorders, National Institutes of Health, Bethesda, MD) and has been described previously (Prybylowski et al., 2005) .
Electrophysiology. Recordings were performed in organotypic hippocampal slice cultures dissected from postnatal day 7 (P7) rats as described previously (Nakagawa et al., 2004) . Recordings were made from CA1 pyramidal cells, either singly or in pairs consisting of one transfected cell and one untransfected cell. Postsynaptic responses were evoked at 0.2 Hz with a bipolar stimulus electrode placed in the stratum radiatum. Slices were perfused at room temperature, with a solution consisting of the following (in mM): 119 NaCl, 2.5 KCl, 4 CaCl 2 , 4 MgCl 2 , 26 NaHCO 3 , 1 NaH 2 PO 4 , 11 glucose, 0.15 picrotoxin, and 0.004 2-chloroadenosine for slices days in vitro (DIV) 6 -8 or 0.008 2-chloroadenosine for slices DIV 11-14 and DIV 18 -21, pH 7.4 (gassed with 5% CO 2 /95% O 2 ). Patch electrodes were filled with a solution consisting of the following (in mM): 115 cesium methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl 2 , 4 ATP disodium salt, 0.4 GTP trisodium salt, 10 sodium phosphocreatine, and 0.6 EGTA, pH 7.25. Slices were transfected using a biolistic gene gun (Bio-Rad) 3-4 d before recording. Gold particles were coated with 45 g of RNAi construct plus 45 g of overexpression construct plus 10 g of phosphorylated enhanced green fluorescent protein (pEGFP) or 90 g of overexpression construct plus 10 g of pEGFP. AMPA-EPSCs were recorded at Ϫ70 mV, and NMDA-EPSCs were recorded at ϩ40 mV in the presence of 0.01 mM NBQX. LTP was induced at room temperature by pairing postsynaptic depolarization to 0 mV with presynaptic stimulation consisting of 200 pulses at 2 Hz. The magnitude of LTP was measured as the mean of time points between 20 and 30 min after induction protocol. Left and middle show traces from DIV 10 -14 neurons taken before (dashed line) and after (solid line) drug application in both absolutevalueandscaledforcomparisonofkinetics.Rightshowstraceswithoutdrug(largesttrace),after5MRo25-6981(middletrace), and after 5 M Ro25-6981 plus 50 nM NVP-AAM077 (smallest trace). Histograms show the percentage of the NMDA-EPSC amplitude that is blocked by the drugs at DIV 6 -8, DIV 10 -14, and DIV 18 -21 (n ϭ 12, 18, and 6, respectively, for Ro25-6981; n ϭ 5, 5, and 6, respectively,forNVP-AAM077;nϭ5forRo25-6981plusNVP-AAM077.)DataarepresentedasmeanϮSEM.*pϽ0.05,Student'sttest.
Results
Developmental changes of NR2B and NR2A in hippocampal slice culture Hippocampal slice cultures were prepared from P7 rats and cultured in standardized conditions. By immunoblotting, there was robust expression of NR2B protein throughout development in vitro; NR2B levels increased slightly from DIV 0 to approximately DIV 9 -12, before subsiding to a moderate plateau at ϳ2-3 weeks in culture (Fig. 1 A) . In contrast, levels of the NR2A subunit were very low at DIV 0, increased progressively to DIV 12, and then remained high. NR1 expression was more similar to NR2B, being highly expressed from DIV 0 to DIV 12, before dropping to a lower level in the third week in vitro. The developmental profile of expression of all three subunits resembles that seen in vivo (Sheng et al., 1994) . These biochemical data suggest that NR2B-containing NMDARs are predominant at early stages, whereas NR2A-containing NMDARs become increasingly prominent with maturation of hippocampal slice cultures.
We next tested by electrophysiology whether there were developmental changes in properties of synaptic NMDARs that correlated with increasing NR2A/NR2B ratio. Whole-cell recordings were made from CA1 pyramidal neurons in organotypic hippocampal slice cultures, with stimulation of Schaffer collateral fibers (Fig. 1 B) . Example traces from DIV 10 -14 neurons show that the kinetics of decay of the NMDA-EPSC were faster after application of 5 M Ro25-6981 (solid line) than in the absence of Ro25-6981 ( Fig. 1 B, left, dashed line), consistent with a selective block of NR2B-NMDARs (which deactivate more slowly than NR2A receptors). Application of 5 M Ro25-6981 blocked 74 Ϯ 4% of NMDAR-mediated EPSCs in young slices (DIV 6 -8) (Fig.  1 B) . The same concentration of Ro25-6981 blocked only 64 Ϯ 3% of the NMDA-EPSC in slices at DIV 10 -14 and only 34 Ϯ 12% at DIV 18 -21. This result implies that the fraction of the NMDA-EPSC carried by NR2B-NMDARs decreases with maturation of cultured slices, in line with the falling ratio of NR2B/NR2A expression levels (Fig. 1 A) . Even in the most mature DIV 18 -21 slices, however, there is still a substantial NR2B contribution to synaptic NMDARs. The Ro25-6981 data are consistent with a decrease in the relative abundance of NR2B-NMDARs at synapses during development of cultured slices, which are similar to results found in acute slices (Kirson et al., 1999) .
The possible contribution of NR2A-NMDARs to the NMDA-EPSC was probed by using the NR2A-NMDAR-preferring antagonist NVP-AAM077, which has a modest 10-fold selectivity for rat NR2A-NMDARs over NR2B-NMDARs (Neyton and Paoletti, 2006) . Using a low concentration of the drug (50 nM) on DIV 10 -14 slices, NVP-AAM077 decreased the NMDA-EPSC amplitude and caused a slight slowing of the decay, consistent with a preferential inhibition of NR2A-NMDARs ( Fig. 1 B, middle). NVP-AAM077 at 50 nM blocked NMDA-EPSCs from slices at DIV 6 -8 by 33 Ϯ 9%, similar to the amount seen by other groups (Berberich et al., 2005; Izumi et al., 2006) . However, there was no significant increase in fractional block of NMDA-EPSC by 50 nM NVP-AAM007 at DIV 10 -14 (43 Ϯ 7%) or at DIV 18 -21 (37 Ϯ 4%), despite the increasing expression of NR2A. These results can be explained if (1) the accumulating NR2A subunits are mostly incorporated into triheteromeric receptors (i.e., NR2A/2B/NR1) that may be poorly blocked by NVP-AAM077 as they are by ifenprodil (Hatton and Paoletti, 2005) , or (2) if NVP-AAM077 is not highly specific for NR2A-NMDARs. Even in the latter case, it would seem unlikely that 50 nM NVP-AAM077 blocked NR2B-NMDARs to a large extent.
To further test the specificity of the antagonists at the concentrations used here, we compared the effect of 5 M Ro25-6981 versus a combination of 5 M Ro25-6981 plus 50 nM NVP-AAM077. If the two drugs are acting on separate populations of receptors, then their effects should be additive. In DIV 10 -14 slices, 67 Ϯ 8% of the NMDA-EPSC was blocked by the initial application of 5 M Ro25-6981. The degree of NMDA-EPSC block rose to 87 Ϯ 4% when 50 nM NVP-AAM077 was applied in addition ( Fig. 1 B, right) . The amount of current blocked by 50 nM NVP-AAM077 alone was 43 Ϯ 7% ( Fig. 1 B, middle) . The significant additive effect implies that Ro25-6981 and NVP-AAM077 act on NMDAR populations that are not completely overlapping.
Effect of Ro25-6981 on LTP
We investigated the effect of the NR2B antagonist Ro25-6981 on LTP at two different developmental stages in organotypic hippocampal slice development. At DIV 6 -8, control slices showed an approximately twofold potentiation of AMPA-EPSC after a pairing protocol for inducing LTP (see Materials and Methods) (Fig. 2 A) . This LTP was almost completely blocked by the NR2B antagonist Ro25-6981 (5 M) in experiments interleaved with control experiments. However, older slices showed LTP that was completely resistant to Ro25-6981 treatment (Fig.  2 B) . Thus, at this later developmental stage, LTP no longer requires activation of NR2B receptors. This switch occurs at a point when the fractional contribution of NR2B-NMDARs to the NMDA-EPSC has dropped from ϳ74 to ϳ64%, corresponding to an ϳ70% increase in the number of non-NR2B receptors ( Fig. 1 B) .
NR2B Expression is required for LTP
Although pharmacological antagonists indicate which receptor subtypes need to conduct current for induction of LTP, molecular manipulation can indicate which subunits or parts of subunits need to be physically present. Thus, to complement the pharmacologic experiments, we used overexpression and RNAi knockdown of NR2 subunits for 3-4 d to assess the specific roles of NR2A versus NR2B in LTP. These are relatively acute manipulations compared with germ-line genetics and should be less likely to induce compensatory mechanisms.
We previously developed an RNAi construct that specifically suppresses expression of NR2A in heterologous cells and in cultured hippocampal neurons, without affecting NR2B . We had also developed several specific RNAi constructs against NR2B that decrease NR2B expression without affecting NR2A expression in HEK293 cells. However, all of these NR2B-RNAi constructs inhibit NR2A expression in neurons, perhaps because NR2B-NMDARs are required to support NR2A expression . This problem could be circumvented by overexpressing NR2A together with NR2B-RNAi (NR2B-RNAi plus NR2A) in neurons, which results in NR2A-dominant NMDARs ) (see below).
RNAi and overexpression constructs of NR2 subunits were transfected into CA1 pyramidal neurons of hippocampal slice cultures. To assess the effects of these constructs on the composition of synaptic NMDARs, we measured the amplitudes and kinetics of NMDA-EPSCs in transfected neurons compared with neighboring untransfected cells in the same slice.
NR2B-RNAi alone caused a drastic reduction of NMDA-EPSC amplitude (to 25 Ϯ 2% of control) (Fig. 3Aa) . This marked loss of NMDA-EPSC by NR2B-RNAi appeared to result from loss of not only NR2B but also NR2A-NMDARs, because the half-width of NMDA-EPSCs was only slightly reduced (0.9 Ϯ 0.05) (Fig. 3Ab , p Ͻ 0.05). These results are consistent with our previous immunostaining data showing that NR2B-RNAi reduces expression of both NR2A and NR2B subunits at synapses . Our findings are also consistent with a recent report that a prolonged (6 -8 d) exposure to NR2B-RNAi virtually eliminated total NMDA-EPSCs in dissociated cortical neurons (Hall et al., 2007) .
Cells transfected with NR2B-RNAi showed no significant change in AMPA-EPSC amplitude (1.1 Ϯ 0.2) (Fig. 3Ac) , but the magnitude of LTP was greatly diminished compared with untransfected cells (1.0 Ϯ 0.1-fold, NR2B-RNAi; 1.7 Ϯ 0.4-fold, control) (Fig. 3B) . The loss of LTP is not surprising given the profound inhibition of NMDA-EPSC amplitude in neurons transfected with NR2B-RNAi (Fig. 3A) .
The effects of NR2B-RNAi could be largely rescued by an RNAi-resistant NR2B cDNA (NR2B*), in which silent mutations were introduced into the RNAi targeted site. When NR2B* was cotransfected with NR2B-RNAi, the NMDA-EPSC amplitude was restored to 76 Ϯ 18% of control (untransfected cell) amplitude (Fig. 3Aa) . Moreover, the half-width of NMDA-EPSC was increased relative to NR2B-RNAi alone (1.1 Ϯ 0.06) (Fig.  3Ab) . Thus, the effect of NR2B-RNAi on the NMDA-EPSC amplitude was largely rescued by the NR2B* construct. The mean basal AMPA-EPSC amplitude in NR2B* plus NR2B-RNAitransfected cells was similar to untransfected cells (1.1 Ϯ 0.3) (Fig.  3Ac) . Importantly, coexpression of NR2B* restored LTP to normal magnitude (1.5 Ϯ 0.1-fold, NR2B* plus NR2B-RNAi; 1.6 Ϯ 0.3-fold, untransfected) (Fig. 3C) .
As an additional control, we overexpressed NR2B in the absence of any RNAi. Cells expressing NR2B displayed an NMDA-EPSC that was not statistically different from neighboring untransfected neurons (0.9 Ϯ 0.2) (Fig. 3Aa) . The half-width of trans- Figure 3 . Effect of altering NR2B expression on LTP. A, Histograms showing the average ratio of the NMDA-EPSC (n ϭ 13, 14, and 6) (a), the ratio of the half-width (HW) (n ϭ 13, 14, and 6) (b), and the ratio of the AMPA-EPSC in transfected cells to that of untransfected cells (n ϭ 11, 13, and 10) (c), respectively, for NR2B-RNAi, NR2B* plus NR2B-RNAi, and NR2B). B-D, Time course of LTP for untransfected cells (open circles) and neighboring cells transfected with NR2B-RNAi (n ϭ 10; p Ͻ 0.04) (B), NR2B* plus NR2B-RNAi (n ϭ 6; p ϭ 0.7) (C), or NR2B (n ϭ 6; p ϭ 0.9) (D) (Wilcoxon's test at 20 -30 min). Insets show example averaged EPSCs taken before and 30 min after pairing. *p Ͻ 0.05.
fected cells was similarly unaffected (0.9 Ϯ 0.01) (Fig. 3Ab) . These results are consistent with previous findings indicating that, although exogenously expressed NR2B receptors are incorporated into synapses, it appears to be at the expense of endogenous NR2B receptors, because the total NR2B content of the synapse does not change (Barria and Malinow, 2002) . LTP in NR2B transfected cells was unchanged (1.8 Ϯ 0.5-fold, NR2B; 2.1 Ϯ 0.6-fold, untransfected) (Fig. 3D ).
NR2A expression is not required for LTP
We next examined the effects of altered NR2A expression on LTP. In neurons transfected with an NR2A-RNAi construct, the amplitude of the NMDA-EPSC was reduced to 0.71 Ϯ 0.05 that of untransfected neighboring cells (Fig. 4 Aa) . The half-width of NMDA-EPSC in transfected cells was increased relative to untransfected cells by 1.4 Ϯ 0.8-fold ( Fig.  4 Ab) ; the slowed kinetics of deactivation is consistent with a reduction in the fraction of NR2A-NMDARs at synapses. RNAi knockdown of NR2A had little effect on basal AMPA-EPSC amplitude relative to untransfected cells (0.94 Ϯ 0.1) (Fig. 4 Ac) . Despite that the mean NMDA-EPSC amplitude was inhibited ϳ30% by NR2A-RNAi (Fig. 4 A) , LTP was still robustly inducible in NR2A-RNAi cells by the pairing protocol (Fig.  4 B) . In fact, the magnitude of LTP showed a tendency to be higher when NR2A was suppressed by RNAi compared with untransfected cells (2.2 Ϯ 0.3-fold, NR2A-RNAi; 1.7 Ϯ 0.2-fold, control) (Fig. 4 B) . These data indicate that induction of LTP is not impaired by a substantial reduction of synaptic NR2A.
We next investigated the effects of replacing the endogenous NR2 subunits with NR2A. Overexpression of NR2A with NR2B-RNAi restored NMDA-EPSC amplitude to a level similar to that observed with cotransfection of NR2B* (0.75 Ϯ 0.05 of untransfected cells) (Fig. 4 Aa) . NMDA-EPSCs showed a greatly reduced half-width relative to control cells or cells transfected with NR2B-RNAi alone (0.5 Ϯ 0.02) (Fig. 4 Ab), indicating a much higher fraction of current being carried by NR2A-containing channels. The basal AMPA-EPSC amplitude was slightly but significantly reduced to 0.81 Ϯ 0.1 relative to untransfected cells (Fig. 4Ac) . However, unlike coexpression of NR2B* (Fig. 3C) , coexpression of NR2A failed to rescue LTP in cells transfected with NR2B-RNAi (1.1 Ϯ 0.1-fold, NR2A plus NR2B-RNAi; 1.9 Ϯ 0.2-fold, control) (Fig. 4C) , although the mean NMDA-EPSC amplitude was no more impaired than by NR2A-RNAi alone (Fig. 4 Aa), application of 5 M Ro25-6981 (Fig. 1 B) , or by NR2B* coexpression (Fig. 3Aa) , all of which had no effect on LTP.
Although overexpression of NR2B alone has been shown to have no effect on the NR2A/NR2B ratio at synapses, overexpression of NR2A alone significantly increases this ratio (Barria and Malinow, 2002) . We therefore examined the effects of overexpressing NR2A in the absence of NR2B-RNAi. Cells overexpressing NR2A alone displayed an increased NMDA-EPSC (1.6 Ϯ 0.15) (Fig.  4Aa) and a decreased half-width (0.7 Ϯ 0.02) (Fig. 4Ab) relative to untransfected cells. These cells also displayed a decreased AMPA-EPSC amplitude relative to untransfected cells (0.8 Ϯ 0.1) (Fig. 4Ac) . Like cells transfected with NR2B-RNAi plus NR2A, cells transfected with NR2A alone displayed diminished LTP (1.2 Ϯ 0.3-fold, NR2A; 1.9 Ϯ 0.3-fold, untransfected) (Fig. 4D ) despite the increased NMDA conductance. In summary, in DIV 11-14 slice cultures, LTP induction requires the normal expression of NR2B but not of NR2A. Together, the data indicate that NR2B expression is important for LTP and cannot be substituted by NR2A. 
The NR2B cytoplasmic tail is important for LTP
It is intriguing that RNAi knockdown of NR2B together with NR2A overexpression [which results in NR2A-predominant synaptic NMDA receptors (Fig. 4 A) ] prevented LTP in DIV 11-14 slices, whereas pharmacological blockade of NR2B-NMDAR channels at the same age did not (Fig. 2 B) . This apparent discrepancy could be explained if the NR2B subunit needs to be present structurally at synapses for LTP to be induced, but the opening of NR2B-NMDAR channels is not absolutely necessary to induce LTP. The C-terminal cytoplasmic tail of NR2B, which represents almost half of the length of the protein, could provide a scaffold for recruiting critical molecules to the synapse (Barria and Malinow, 2005 ). This scaffolding function would be suppressed by RNAi but not by drug antagonists. To explore this idea further, we generated two chimeric constructs: (1) an RNAi-resistant NR2B construct (termed NR2B*-2Atail), in which the entire C-terminal cytoplasmic tail of NR2B* is replaced with that of NR2A; (2) the converse chimera (NR2A-2Btail), which contains the entire N-terminal extracellular regions and channel-forming transmembrane portions of NR2A fused to the entire cytoplasmic tail of NR2B (NR2A-2Btail).
In neurons transfected with NR2B-RNAi, the NR2B*-2Atail chimera rescued the basal NMDA-EPSC amplitude to 65 Ϯ 16% of untransfected neurons (Fig. 5Aa) , which is indistinguishable from the effectiveness of wild-type NR2B* (Fig. 3Aa) . Additionally, cells transfected with NR2B*-NR2Atail plus NR2B-RNAi displayed a slower half-width than controls (1.2 Ϯ 0.1) (Fig.  5Ab) , also similar to NR2B* (Fig. 3Ab) . In contrast to the wildtype NR2B*, however, NR2B*-2Atail failed to restore LTP induction in neurons transfected with NR2B-RNAi (1.1 Ϯ 0.3-fold, NR2B*-NR2Atail plus NR2B-RNAi; 2.2 Ϯ 0.6-fold, untransfected controls) (Fig. 5B) . Baseline AMPA-EPSC was not significantly affected by NR2B*-2Atail (Fig. 5Ac) . These data indicate that the NR2A tail cannot support LTP.
The converse chimera NR2A-NR2Btail rescued the NMDA-EPSC amplitude to 0.6 Ϯ 0.2-fold control (Fig.  5Aa) and significantly decreased the halfwidth of the NMDA-EPSC (0.5 Ϯ 0.1) (Fig. 5Ab) . In contrast to NR2B*-2Atail, however, the NR2A-2Btail construct was able to restore LTP (1.7 Ϯ 0.4-fold, NR2A-NR2Btail; 1.8 Ϯ 0.2-fold, control) (Fig. 5C) , with no effect on the basal AM-PA-EPSC (1.1 Ϯ 0.3) (Fig. 5Ac) . Thus, an intact NR2B cytoplasmic tail is required for NR2B to support LTP, and this cannot be substituted by the tail of NR2A. In contrast, the extracellular and channelforming portion of either 2A or 2B is able to support LTP when fused to the tail of NR2B.
To further explore the roles of the C-terminal tails of NR2A and NR2B in LTP, we constructed C-terminal deletions. We began by making an NR2B* construct lacking the entire C-terminal tail after the fourth transmembrane domain (NR2B*⌬C). This construct did not significantly alter the AM-PA-EPSC amplitude (Fig. 6Ac) . Coexpression of NR2B*⌬C with NR2B-RNAi rescued the NMDA-EPSC to 80 Ϯ 7% of control untransfected cells (Fig. 6Aa) . Despite restoring the NMDA-EPSC to such a degree, the NR2B⌬C construct was unable to rescue LTP (1.0 Ϯ 0.2-fold, NR2B*⌬C plus NR2B-RNAi; 1.8 Ϯ 0.4-fold, untransfected controls) (Fig. 6B) , consistent with the idea that the NR2B tail is critical for LTP induction.
We next created an NR2A truncation mutant that lacks its entire C-terminal tail after the fourth transmembrane domain (NR2A⌬C). This construct had no significant effect on baseline AMPA-EPSC (Fig. 6 Ac) . In neurons transfected with NR2B-RNAi, coexpression of the NR2A⌬C construct restored the basal NMDA-EPSC amplitude to 56 Ϯ 11% of untransfected neighboring controls (Fig. 6 Aa), which is lower than the level reached with coexpression of wild-type NR2A. Remarkably, however, this tail-less NR2A construct fully rescued LTP (2.3 Ϯ 0.8-fold, NR2A⌬C; 1.6 Ϯ 0.4-fold, control) (Fig. 6C) , whereas wild-type NR2A was unable to do so (Fig. 4C) . This surprising result implies that the C-terminal tail of NR2A carries a determinant(s) that inhibits induction of LTP.
We hypothesized that the NR2A tail binds to and recruits a protein that antagonizes LTP. To narrow down the area of the tail in which this protein might be binding, we constructed an NR2A mutant lacking the last C-terminal one-third of the cytoplasmic tail from amino acid 1204 to the end (NR2A⌬C 1204 ). This NR2A truncation mutant restored the NMDA-EPSC to 0.8 Ϯ 0.18-fold of control. Similarly to NR2A⌬C, NR2A⌬C 1204 was able to restore LTP in cells cotransfected with NR2B-RNAi (1.7 Ϯ 0.2-fold, NR2A⌬C 1204 ; 1.8 Ϯ 0.1-fold, control) (Fig. 7B) , and it did so despite significantly increasing the basal AMPA-EPSC amplitude Figure 5 . Effect of the of NR2A and NR2B chimeric constructs on LTP. A, Histograms showing the average ratio of the NMDA-EPSC (n ϭ 11, 5, and 7) (a) and the ratio of the half-widths (HW) (n ϭ 11, 5, and 7) (b) in transfected and untransfected cells for NR2B-RNAi alone and NR2B-RNAi plus NR2B*-NR2Atail or NR2A-NR2Btail, the ratio of the AMPA-EPSC (n ϭ 13 and 7) (c), respectively, for NR2B-RNAi plus NR2B*-NR2Atail or NR2A-NR2Btail. B, C, The time course of LTP in untransfected cells (open circles) and neighboring cells transfected with NR2B-RNAi plus either NR2B*-NR2Atail (n ϭ 7; p Ͻ 0.05) (B) or NR2A-NR2Btail (n ϭ 7; p ϭ 0.7) (C) (Wilcoxon's test at 20 -30 min).*p Ͻ 0.05, **p Ͻ 0.01.
(1.9 Ϯ 0.3-fold, control) (Fig. 7Ac) . These results are consistent with the idea that an inhibitory molecule for synaptic potentiation may bind to the C-terminal onethird of the NR2A tail.
An attractive possibility is that this inhibitory protein interacts with the very C terminus of NR2A, which terminates in a PDZ (postsynaptic density-95/Discs large/ zona occludens-1) binding sequence with affinity for PSD-95 family proteins. However, an NR2A construct with a point mutation in the extreme C-terminal PDZ binding motif (NR2A-S1462A) failed to restore LTP in cells cotransfected with NR2B-RNAi (1.1 Ϯ 0.3-fold, NR2A-S1462A plus NR2B-RNAi; 1.9 Ϯ 0.4-fold, control) (Fig. 7C) , although it boosted NMDA-EPSC to levels similar to NR2A⌬C and also had no significant effect on baseline AMPA-EPSCs (Fig. 7Ac) . This finding argues that the putative inhibitory factor recruited by NR2A likely binds to the last one-third of the cytoplasmic tail, but it is not PSD-95 or a PSD-95-related protein.
Discussion
The development of the cultured hippocampal slice mimics that of the hippocampus in vivo in terms of increasing NR2A/NR2B ratio and decreasing abundance of synaptic NR2B-NMDARs. Our pharmacological results show that there is a developmental shift in the subunit dependence of LTP induction that correlates with the developmental increase in NR2A. Slices start from an initial phase when LTP induction requires activation of NR2B receptor channels, to a mature state when activation of NR2B-NMDARs become dispensable, presumably because NR2A-containing NMDARs take over more of the synaptic NMDAR function.
By using both pharmacological and molecular-genetic approaches in the same preparation, we discovered an interesting paradox. In DIV 11-14 slices, the RNAi data imply that NR2B protein expression is required for LTP, yet the Ro25-6981 data in the sameage slices demonstrate that activation of NR2B-NMDARs is not required for LTP. The apparent contradiction can be explained by the fact that NR2B, in addition to forming part of a ligandgated channel, also has a long cytoplasmic tail that binds (directly or indirectly) to a variety of postsynaptic signaling molecules (Köhr et al., 2003; Kim and Sheng, 2004; Barria and Malinow, 2005; Al-Hallaq et al., 2007) . On the one hand, pharmacological antagonists inform about which receptor subtypes need to be activated for induction of LTP, speaking to the channel or ion conducting role of the subunit. On the other hand, RNAi suppresses protein expression and informs about which subunit needs to be physically present. Together, the pharmacological and molecular-genetic data argue that NR2B plays a structural role in LTP that appears to be more critical than its channel role, insofar as LTP is inducible when NR2B receptors are blocked but not when NR2B expression is suppressed.
If indeed it is the tail of NR2B that is important for LTP and not the channel, then it should be possible to induce LTP in the absence of the NR2B channel as long as the C-terminal tail is present. Indeed, an NR2A-NR2Btail chimera restored LTP when neither the converse construct (NR2B*-NR2A) nor wild-type NR2A could, indicating that the identity of the channel portion of the receptor is not what controls LTP but rather that the tail portion is critical. These experiments provide additional evidence that the structural role of the different subunits shapes the type of plasticity mediated by NMDA receptor subtypes, beyond the contribution of the subunits to the channel function of NMDA receptors.
Our results are consistent with Barria and Malinow (2005) who found that a segment of the tail of NR2B that binds to CaMKII is required for LTP. Our findings raise the possibility that, in mature synapses in which NR2A and NR2B coexist, the two NMDAR subunits cooperate to induce LTP-NR2A as part of the conducting channel and NR2B as a structural scaffold for recruiting proteins important for LTP. Our data cannot distinguish whether these collaborating NR2A and NR2B subunits are in the same (triheteromeric) NMDAR complex or in different NMDARs (NR2A-NMDARs and NR2B-NMDARs) that lie near each other.
We emphasize here the bipartite functions of NR2B as channel and scaffold for signaling molecules because it can offer a potential reconciliation between pharmacological experiments that suggest that NR2B-NMDARs are not important for LTP (Liu et al., 2004; Massey et al., 2004; Izumi et al., 2006) and genetic experiments that suggest that a higher NR2B/NR2A ratio is more favorable for LTP. For instance, LTP is increased in the NR2B transgenic mouse (Tang et al., 1999) , perhaps because the greater abundance of NR2B in synapses promotes the recruitment of NR2B-binding proteins such as CaMKII (Leonard et al., 1999; Strack et al., 2000; Mayadevi et al., 2002; Barria and Malinow, 2005) . A similar dissociation between the channel and "structural" roles of NMDARs has been observed in assays of spine stability, in which the C-terminal tail of NR1 is crucially important but blocking NMDARs pharmacologically has no effect (Alvarez et al., 2007) .
Unlike overexpression of NR2B*, overexpression of wild-type NR2A could not rescue LTP in neurons transfected with NR2B-RNAi. Strikingly, however, a tail-less deletion mutant of NR2A (NR2A⌬C) gained the ability to rescue LTP, although it restored NMDA-EPSC amplitudes less effectively than wild-type NR2A (Figs. 4 Aa, 6Aa) . The simplest explanation of this result is that the NR2A tail also plays a structural role, but, in contrast to that of NR2B, the cytoplasmic tail of NR2A recruits a negative regulator of LTP to the synapse.
If NR2B is essential for LTP, why does NR2A⌬C overexpression rescue LTP in cells transfected with NR2B-RNAi? NR2B-RNAi leaves ϳ25% of endogenous NMDAR function intact (Fig.  3A ) including NR2B; in other words, NR2B-RNAi is not completely effective in suppressing NR2B expression, which is not unexpected. In this context, restoring the NMDA-EPSC with NR2A⌬C is sufficient to rescue LTP because the remaining endogenous NR2B provides enough structural function. However, full-length NR2A does not restore LTP, presumably because of recruitment of the NR2A-associated negative regulator.
What might be the putative LTP-inhibitory protein that binds to the NR2A tail? An immediate candidate would be PSD-95, which binds to the C terminus of NR2A (Kornau et al., 1995; Niethammer et al., 1996) . Indeed, the genetic disruption of PSD-95 has been shown to enhance LTP and impair LTD, and mutations in PSD-95 can specifically block LTD (Migaud et al., 1998; Kim et al., 2007; Xu et al., 2008) . However, a point mutant of NR2A (NR2A-S1462A), which should be unable to bind to PSD-95 family PDZ proteins (Prybylowski et al., 2005) , was also unable to rescue LTP, suggesting that the negative determinants for LTP lie upstream of the PDZ binding motif of NR2A. Additional truncation of the C-terminal one-third of the NR2A tail did restore LTP, suggesting that the suppressing factor binds to this region. Proof of this hypothesis will first require identification of the protein(s) that interact with the cytoplasmic tail of NR2A. The inhibitory role of the NR2A tail in LTP is consistent with the trend toward larger magnitude of LTP that we observed with RNAi knockdown of NR2A.
We hypothesize that the NR2A subunit also has a dual function. On one hand, it acts as a channel that facilitates LTP by conducting calcium. On the other hand, it acts as a scaffold that presumably recruits a protein to the synapse that inhibits LTP. Such a protein could act by antagonizing the activation of LTP signaling pathways [e.g., synaptic Ras-GTPaseactivating protein ] or by stimulating the LTD signaling pathways [such as Rap and p38 mitogen-activated protein kinase) (Thomas and Huganir, 2004; Zhu et al., 2005; Li et al., 2006) ].
What could be alternative explanations for the behavior of our NR2A tail mutants in LTP induction? Electrophysiological data suggest that NR2A-containing receptors are localized more synaptically, whereas NR2B-containing receptors are localized more perisynaptically or extrasynaptically (Stocca and Vicini, 1998; Tovar and Westbrook, 1999; Townsend et al., 2003) , although there is no doubt that both subtypes contribute to synaptic NMDA receptor currents. It is possible that the NR2A constructs with truncated tails are less restricted to the synapse than the full-length NR2A as a result of loss of anchoring to PSD-95. If straying more extrasynaptically, these truncation mutants may have greater effect on opening of L-type Ca 2ϩ channels, which may facilitate LTP (Grover and Teyler, 1990; Zhao et al., 2006) . Arguing against this idea is the NR2A-S1462A mutant, which should not interact with PSD-95 (Lim et al., 2002; Prybylowski et al., 2005) and thus act similarly to the other NR2A truncation mutants, also does not restore LTP. However, we cannot exclude the possibility that NR2A-S1462A may localize more synaptically than the truncation mutants. Additional investigation of the exact mechanism by which the tail of NR2A interferes with LTP using additional mutants and investigation of interacting proteins will be necessary.
The result of the opposing actions of NR2A and NR2B tails on LTP inducibility is that the ratio of NR2A/NR2B protein expression becomes an important factor for determining synaptic plasticity. Higher relative levels of NR2B should favor induction of LTP, whereas increasing relative levels of NR2A should act Figure 7 . Effect of mutations in the C-terminal tail of NR2A on LTP. A, Histograms showing the average ratio of the NMDA-EPSC (n ϭ 11, 9, and 8) (a) and the ratio of the half-widths (HW) (n ϭ 11, 9, and 8) (b) in transfected and untransfected cells for NR2B-RNAi alone and NR2B-RNAi plus NR2A⌬C 1204 or NR2A-S1462A), the ratio of the AMPA-EPSC (n ϭ 9 and 15) (c), respectively, for NR2B-RNAi plus NR2A⌬C 1204 or NR2A-S1462A. B, C, The time course of LTP in untransfected cells (open circles) and neighboring cells transfected with NR2B-RNAi plus either NR2A⌬C 1204 (n ϭ 7; p Ͻ 0.9) (B) or NR2A-S1462A (n ϭ 7; p Ͻ 0.05) (C) (Wilcoxon's test at 20 -30 min). *p Ͻ 0.05, **p Ͻ 0.01.
against it. Consistent with this idea, changes in plasticity in the visual cortex are correlated with a change in the NR2A/NR2B ratio. Light deprivation lowers the threshold of induction for LTP and is associated with a decrease in synaptic NR2A (Quinlan et al., 1999a,b; Philpot et al., 2001 Philpot et al., , 2007 . Also, during postnatal maturation of the brain, the ability to induce LTP wanes, and this change occurs concomitantly with a decrease in the fraction of NR2B-containing NMDARs as evidenced by a decreased ifenprodil sensitivity (Barth and Malenka, 2001 ). The developmental change in NMDA-EPSC kinetics, however, occurs after the decline of LTP, suggesting that the change in plasticity might be attributable to the different structural features of NR2A and NR2B subunit tails rather than, or in addition to, their distinct channel properties.
